Introduction
============

A survey of irrigated fruit farming in the semi-arid region of northeastern Brazil reveals that the pathogen *Lasiodiplodia theobromae* (Pat.) Griffon and Maubl accounts for major plant health problems in São Francisco Valley. The high degree of disease severity is due to climatic conditions that are favorable to the development of this fungus, with little variation throughout the year ([@B23]). Based on scientific data, it is believed that the pathogenicity of *L. theobromae* increased as a result of environmental pressure, particularly in the region in question ([@B22]). Moreover, the susceptibility of the mangos to the rot increases after harvest and storage as a result of physiological changes in fruit, disqualifying them for marketing due to involvement of the peel and pulp ([@B23]).

The postharvest life of mango is limited by the rapid ripening of fruits and the development of pathogens causing rot ([@B02]). However, this conservation can be extended with the use of refrigeration and modified atmosphere ([@B10]).

The recommended temperature for mangos is approximately 12 °C ([@B03]). According to [@B08], the use of a low storage temperature in combination with a modified atmosphere can slow the development of any microorganisms that may be present. Adequate postharvest handling in combination with food preservation methods should be employed to prolong the shelf life of fruits and vegetables, thereby extending the commercialization period ([@B10]).

Advances in technological processes of food preservation over the last 50 years show that the gamma radiation of cobalt60 and cesium137 or even accelerated electrons is capable of inhibiting the proliferation of microorganisms ([@B11]). According to [@B09], the irradiation of fruits and vegetables postharvest's has a main interest in the reduction or delay the damage caused by disease, presenting antifungal effect. However, it is also used as a preservation method, by prolonging the storage by delayed ripening and sprouting of some products. However, its use has some disadvantages, such as browning, softening, the appearance of surface depressions, abnormal maturation and loss of aroma and flavor of the products ([@B16]). The nature and extent of these changes depends on the type, composition and variety of the fruit, as well as the radiation dose applied and the environmental conditions during and after the radiation process.

The application of ionizing radiation may alter the structural components of some fruits, giving them a better appearance and enhancing their firmness. Low doses of radiation can lead to the hydrolysis of some components, resulting in a longer shelf life and the conversion from starch to sugar ([@B13]). Irradiated fruits are often sweeter than non-irradiated ones ([@B25]). During the ripening of mangos, the contents of organic acid diminishes and the soluble sugar increases, resulting in a predominance of sweetness in the ripe fruit ([@B05]). Monitoring these changes serves as a basis to evaluate if the ionizing radiation committed the ripening of fruits.

This study aimed to evaluate the effect of gamma radiation (0.25, 0.35 and 0.45 kGy) associated with modified atmosphere in controlling of rot caused by *L. theobromae* and its impact on shelf life and the physicochemical characteristics of fruits.

Materials and Methods
=====================

The experiment was conducted at the Postharvest Pathology Laboratory at UFRPE and at the Department of Nuclear Energy of the Universidade Federal de Pernambuco (Brazil) in cooperation with the Postharvest of Fruit Laboratory of the Centro Regional de Ciências Nucleares (Brazil).

Pathogen
========

The phytopathogenic fungus used in the present study was obtained from the collection of the *Empresa Brasileira de Pesquisa Agropecuária - Embrapa Semiárido* (Brazil). The isolate was cultured on potato -- dextrose -- agar (PDA) and, inoculated into healthy fruits.

Effects of gamma radiation on development of L. theobromae in mango
-------------------------------------------------------------------

Tommy Atkins mangos picked at mature-green or at maturity stages 2 and 3 (Deutsche Gesellschaft für Technische Zusammenarbeit - GTZ (1992)) from an orchard in Petrolina (Pernambuco State, Brazil) were immediately and carefully transported to the laboratory, where they were selected, washed and dried at 26 ± 2 °C, relative humidity (RH) of 70 ± 5%. After that, fruits were wounded with a sterilized perforator (8 needles, 5 mm in diameter and 2 mm deep) and on each wound, was deposited 10 μL with of a *L. theobromae* spore suspension at a concentration of 10^6^ conidia mL^−1^. The Control were injured by the same way, but inoculum was switched for 10 μL of sterilized distilled water.

Mangoes were packed in pairs, in expanded polystyrene trays (15 cm × 10 cm) coated whit PVC film and maintained at 26 ± 2 °C. The trays were maintained in the laboratory conditions (26 ± 2 °C; 70 ± 5% RH) for 24 h and 70 ± 5% RH for another 24 h. After this period, the trays containing the mango were treated whit radiation doses previously predetermined (0.25, 0.35 and 0.45 kGy) using a Gammacell^®^ 220Excel radiator (MDS Nordion, Canada), whose rate at time of application was cobalt60 source and 7.303 kGy/h. The positive control was composed of mangos inoculated with the phytopathogen but not irradiated and the negative control was composed of mangoes without inoculation or irradiation. After the application doses, irradiated and non-irradiated trays were kept under cold storage at 13 °C for 15 days and then transferred to the incubation room (26 ± 2 °C and 70% RH) without the PVC for 6 days.

The experiment was conducted with an entirely randomized design consisting of 4 treatments and 4 replicates, with each replicate containing 5 mangos. The same design was used for evaluation of the physicochemical characteristics.

The evaluation of disease severity consisted of the measurement of the diameter of the lesion using a caliper rule (Mitutoyo, Kaeasaki, Japão) first after the trays were removed from the cold chamber and every 2 days until the degeneration of the fruit occurred 6 days after leaving the cold chamber. The data were subjected to analysis of variance and regression analysis, the model was defined by the coefficient of determination, using the SAS Software (SAS Institute, 2000).

Evaluation of physicochemical characteristics
---------------------------------------------

The fruits were evaluated at four different times: at the entrance of the cold chamber (Day 1); 15 days after the cold storage or at the end of the cold storage (Day 15), two days after leaving the cold chamber (Day 17); and four days after leaving the cold chamber (Day 19). The characteristics evaluated were: pulp firmness, pulp color, hydrogen potential (pH), solid soluble (SS), titratable acidity (TA), ascorbic acid (Vitamin C) and maturation index (MI) determined by SS/TA ratio.

Pulp firmness was determined on opposite peeled sides of the fruit using a penetrometer model FT 327 (0--13 Lbs.) (Wagner Instruments, Greenwich, London) and the results were expressed in kgf. This analysis was performed at the end of the cold storage and at two and four days after leaving the cold chamber (Day 17 and Day 19).

The pulp color was determined using a Minolta CR-300 colorimeter with three readings in different parts of the pulp of each fruit. The results were expressed in L\*, a\* and b\*. L\* values range from 0 (white) to 100 (black), represent the brightness of the pulp; a\* values indicate chromaticity ranging from green (−) to red (+); and b\* values indicate chromaticity ranging from blue (−) to yellow (+).

The chemical characteristics were determined after the disintegration of the pulp, domestic centrifuge. The pH was checked at 10 g of pulp in potentiometer Quimis Model 400A. The levels of ascorbic acid in pulp were determined according to the method described by [@B06] The solid soluble contents (SS) were quantified by direct reading on refractometer, Model Rez (0 -- 32ºBrix), and the results expressed in ºBrix, while the titratable acidity (TA) was determined according to the methodology described by [@B18]. The maturation index (MI) was also determined by SS/TA ratio. In all of these analyzes were utilized three replicates for each fruit.

The data were subjected to analysis of variance and regression analysis, the model was defined by the coefficient of determination, using the SAS Software (SAS Institute, 2000). Graphs were plotted using [@B21]. Firmness data were analyzed using Tukey's test, with the level of significance set to 5% (p \< 0.05), using the SAS Software (SAS Institute, 2000).

Results and Discussion
======================

Effects of gamma radiation on development of *L. theobromae* in mango
---------------------------------------------------------------------

The doses of radiation used and the presence of PVC film during the cold storage of mangos did not cause the appearance of peel spots or caused other changes in fruits, differently the results reported by [@B08] in peaches treated with 0.5 kGy and by [@B20] in mangoes packed in plastic film and kept under refrigeration. In the first evaluation of the effects of radiation on rot development by *L. theobromae*made at the end of the cold storage it was observed that fruits had no symptoms of decay resulting from inoculation with the pathogen. In the second evaluation held two days after leaving the cold chamber it was checked disease incidence in all treatments, with significant differences in severity. Fruits treated with the lowest dose (0.25 kGy) showed similar disease development to Control ([Figure 1](#f01){ref-type="fig"}).
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However, the highest dose (0.45 kGy) resulted in the greatest reduction in disease development. According to [@B14] the cold storage slows the ripening of fruits, providing longer shelf-life beyond make feasible their exportation. The quality of the mangoes after their removal from the cold chamber is extremely important for the successful of the conservation process ([@B17]). The association between gamma irradiation and modified atmosphere may contribute to the maintenance of fruit quality as observed in this study.

Evaluation of physicochemical characteristics
---------------------------------------------

The results of this study demonstrate that gamma radiation associated with cold storage reduces loss firmness mangos that received the highest dose (0.45 kGy) had the best values of firmness ([Table 1](#t01){ref-type="table"}) at all stages of evaluation. A loss of firmness hampers the commercialization of fruits and this factor can be attenuated by proper handling and preservation methods ([@B12]). The dose 0.45 kGy, was effective in preserving the firmness of the mangoes. These findings are similar to those reported by [@B15], who found a positive interaction between gamma radiation and the maintenance of postharvest firmness in papaya (Sunrise Solo variety).

###### Pulp firmness (kgf) of Tommy Atkins mangos inoculated with L. theobromae and irradiated with doses of 0, 0.25, 0.35, and 0.45 kGy, followed by refrigerated storage with a PVC wrap at 13 °C and storage without a PVC wrap at 26 °C with 90% RH

  Days   Dose of gamma radiation (kGy)                     
  ------ ------------------------------- -------- -------- --------
  15     2.52aA                          2.06aA   2.32aA   2.56aA
  17     1.94aB                          1.58bB   1.64bB   2.06aA
  19     1.52bB                          0.8cC    0.8cC    0.94cC
  CV%    12.45                           11.32    9.45     10.67

Means followed by the same uppercase letter between columns and same lowercase letter between lines do not differ significantly (p \< 0.05, Tukey's test).

The pulp color ([Figure 2](#f02){ref-type="fig"}), no significant differences between gamma radiation doses were found in L\*, a\* or b\* values. Regression analysis revealed reductions in all 3 variables throughout the evaluation period owing to the ripening of the fruits. The L\* value ranges from 0 (black) to 100 (white). The mean L\* value in the present study was 67.04 in the beginning of refrigeration and 52.03 at 19 days after placement in the cold chamber, indicating the ripening of the fruit. More positive a\* values correspond to the ripening of the fruit. In the present study, the mean a\* value was −13 before placement in the cold chamber and −1.23 at 4 days after removal from the chamber. Positive b\* values represent the presence of the yellow color and negative values represent the presence of the blue color. In the present study, there was little variation in these values throughout the evaluation, from 44.61 in the control sample upon placement in the cold chamber to 22.3 at 4 days after removal from the chamber. In coloring of the pulp [@B01] evaluated Kent mangoes, and reported reductions in these parameters considering this to be a common process in the ripening of the fruit.
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The statistical analysis demonstrated that only the soluble solids and pH were correlated with time and doses. Compared to the control, treated fruits showed a decrease in the values of soluble solids ([Figure 3A](#f03){ref-type="fig"}). Increasing amounts of soluble solids indicates the point of physiological maturity and hence the sampling point ([@B04]). In a study of the behavior of different mango varieties, [@B19]reported that the soluble solids content tends to increase during the ripening process. Thus, the low doses of gamma radiation in the present study did not alter the natural behavior of the mangos during the development. The pH showed similar behavior between the control and the doses 0.25 and 0.35 kGy only 0.45 kGy dose demonstrated a significant reduction between dose and slightly increased with respect to the valuation days ([Figure 3B](#f03){ref-type="fig"}). The results of pH were similar to those reported by [@B24], who irradiated mangos with doses of 0.3--1.0 kGy and found no significant changes in pH values, even when the ripening of the fruit was slowed. [@B13]stressed the importance of evaluating pH as an intrinsic factor that exerts the greatest selective effect on the microflora likely to develop on fruits and vegetables.
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On regard to the ascorbic acid content ([Figure 4A](#f04){ref-type="fig"}), titratable acidity ([Figure 4B](#f04){ref-type="fig"}) or Ratio ([Figure 4C](#f04){ref-type="fig"}), we found no interaction between dose and valuation day and between the different gamma radiation doses. These findings differ from those reported by [@B26], who observed that gamma irradiation of mangos at doses of 0.5 and 2.0 kGy led to an increase in the ascorbic acid content, which may have been influenced by the combination of the radiation and quality of the fruit. In the present study, the ascorbic acid curve demonstrated that the mangos exhibited a reduction in this substance during the ripening process, which is a common finding in most fruits. On regard to titratable acidity, an increase in pulp acidity occurred during the ripening process. With few exceptions, the organic acid content is diminished during maturation owing to either respiration or the conservation of sugars ([@B09]).

![Chemical characteristics before and after inoculation with L. theobromae and irradiation with doses of 0, 0.25, 0.35, and 0.45 kGy, followed by refrigerated storage with a PVC wrap at 13 °C and storage without PVC wrap at 26 °C with 90% RH; (A) ascorbic acid, (B) titratable acids, (C) Ratio, ascorbic acid data were transformed *in x* ^1/2^](1678-4405-bjm-46-3-841-gf04){#f04}

Gamma radiation had no effect on the acidity of the mangos. This finding is similar to that reported by [@B08], who studied the effect of gamma radiation on the preservation of peaches and found that a dose of 0.1 kGy did not slow the ripening process with regard to acidity. The results of the present study demonstrate that higher doses (0.24, 0.35 and 0.45 kGy) were also not effective.

No difference in Ratio was observed among the different gamma radiation doses, whereas difference was observed during the ripening of the fruit. This index indicates sweetness *vs.* acidity and commercially determines the maturity and quality of the fruit. [@B07] reported a tendency toward an increase in this index after Day 14 with the increase in the temperature, indicating that gamma radiation has little influence over Ratio.

In Conclusion, the use of gamma radiation, even at low doses, can cause a positive effect on disease management during postharvest mango, with little or no influence on fruit quality. IT IS, recommended 0.45 kGy dose by providing a decrease in the development of the pathogen without causing damage properties evaluated for physical and chemical sleeves. The results can be extended to natural infections can predict how the control behaves in the development of the fungus in this study was artificially inoculated.
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